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A
SUMMARY OF PROGRESS

We have achieved a number of our proposed goals, which are reiterated

Sbelow.

1. To develop a state of the art digital data acquisition system which

can simultaneously digitize 16 channels of data and a timinq sianal

from simultaneous high speed movies.

2. Develop visualization techniques which qive us three-dimensional

information about the coherent motions under investigation, and

which can be used with simultaneous hot-wire anemometry.

3. Obtain length scales of the pocket flow module and conipare them

4
to the streaky structure scales as well as the scales of the vortex

ring-like Typical Eddies of the outer region.

4. Determine whether the pocket flow modules (which previously had

been observed to create the largest transfer of any event in the

wall region) occurred as frequently as the bursts found by Kline

and others.

5. Determine whether the passage of a pocket flow module resulted in

the hot-wire information found by other investiaators to be charac-

teristic of the bursting process. /1
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6. To obtain simultaneous visual and hot-wire information about the

interaction of the outer region with the wall which produces the

pocket flow modules.

7. To determine the accuracy of the vortex ring/wall interaction

model of the pocket flow module.

We have met goals 1-5, although as of September 30, our data

acquisition system was not operating due to an unfortunate accident.

- Information obtained during this year has indicated that goals 6 and 7

will require more study. Figures 1 through 7 as well as AIAA Paper

80-1356 summarize the results obtained.

Figure 1 shows the rate of occurrence of pockets compared to the

* burst rate found in the Stanford studies. Both the overall frequency

of occurrence of pockets, and the frequency of occurrence of pockets

during their ejection phase, is shown. We see that the correspondence

between the occurrence of pockets ejecting sublayer fluid and the ejections

found in the Stanford studies is excellent. Furthermore, we see that

pockets are observed approximately four times as often, thus three out

41 of four times that pockets pass our measurement station they are not

in their ejection phase. The data has been scaled usinq wall layer vari-

ables, which remove the Reynolds number dependence significantly better

than outer layer variables. This suggests that the larqe scale motions

(proportional to the boundary layer thickness) which scale on U_ and

delta, do not control the bursting process as had been previously thouqht.

Figure 2 shows the ratio of the pocket flow module cross-stream

dimension to the streaky structure (Stanford studies and others) spacinn,

both measured in our wind tunnel over approximately a decade in Reynolds
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number. We see that the pockets scale exactly as the overall streaky

structure. This reinforced our earlier observation (Falco, Sixth

Biennial Symposium on Turbulence, Rolla, 1979), that the streaky

structure was the result of pockets forming both singly and in qroups.

Figure 3 shows the ratio of the vortex ring-like Typical Eddies,

which form away from the wall, to the overall streaky structure spacing.

We can only conveniently measure the streamwise and normal Typical Eddy

scales, but the spanwise scale falls in between these two. We can acain

see that there is a remarkable correspondence in scales, especially

considering that the measurements extend over a decade of Reynolds number.

This suggests that Typical Eddies might very well be associated with

the formation of pockets, and therefore with the streaky structure.

Figure 4 shows that the Typical Eddies are approximately equal in

size to the Taylor microscale. Thus we see that if Typical Eddies are

producing the pockets, the pockets are produced by microscale motions,

not the large eddies of the boundary layer. This possibility is con-

4 sistant with the scaling found for the time between pockets (fiqure 1).

Goal number 5 has been attained as described in AIAA Piper 80-1356

(enclosed). In summary, we have found that the pocket flow module evolves

through a series of five stages. Each of these stares exhibits an event

which has been the subject of study of other investigators. Thus, strona

<weeps, streamwise lift-up and oscillation, the formation of sharp shear

layers, ejection and breakup events are all part of the pocket flow module's,,

evolution!

Figure 5 shows a comparison of the data from the Blackwelder and

Kaplan's burst detection scheme and the .uv siqnatures from the pockets

during stages three and four. Considerinq that the techniques of condi-
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tional sampling are entirely different, the correspondence is quite

good. It suggests that their "vita" technique picks up the sharp shear

layer that forms during stages three and four of the pocket evolution.

If this is true, then their explanation of the origin of the ejection

as due to this shear layer becoming unstable would not be correct, since

we are in the middle of the pocket flow module evolution. Furthermore,

it is clear from figure 4 of the AIAA paper, that although some of the

Reynolds stress is detected by the "vita" technique, a large fraction

is not.

Figure 6 shows a photo of a vortex ring-like Typical Eddy approaching

the wall. The top of the ring is approximately 100 y+. Flow is from

right to left. We are currently attempting to obtain laser sheet side

views of this quality with simultaneous plan views showing the pocket

patterns (see figure I of the AIAA paper), along with four or possibly

eight wire probes to allow us to determine the nature of the interaction

of naturally created vortex rings with the wall layer flow in the fully

turbulent boundary layer. To help us understand, and to make us aware to

look for details of this interaction, we are concurrently studying the

4 interaction of an artificially generated vortex ring with a wall. This

model flow field not only exhibits all of the features discussed above,

but in addition explicitly shows the role of vortices in the formation

of the pocket pattern, in the streamwise lift-up of wall layer fluid,

and in the ejection of fluid from the downstream portion of the pocket.

We hope to be able to examine the detailed role that vortices play in

the evolution of the pockets found in real turbulent boundary layers

in the near future.
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AIAA-80-1 356
The Production of Turbulence
Near a Wall
R. Falco, Michigan State
University, East Lansing, Mich.

AIAA 13th
FLUID & PLASMA DYNAMICS

CONFERENCE
July 14-16, 1980/Snowmass, Colorado
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111. eiOVUCIlUN OF IURbULENCL at ztanforo universxty,5,o,7,0 Corino and

h6AR A WALL brooKey,9 urass,
1 0  

and others, nave
nypotr-.Lzed many different mechanisms to

m. E. Falco .escrioe tne events. Inese include

uepartment of mechanical Eng.a.eering instability of the instantaneously

Michigan State university inflected velocity profile,
2
.

7 1 1

PR. Lansing, MI. 40824 separation of the wall layers resulting

from local adverse pressure gradients,b

Abstract formation of snarp shear layers which

become unstale1 inflows and

Simultaneous Visual and hot-wire continuity,1J,1
4  

wave focusing, 1 vortex
anemometer measurements of the flow in the induced lift-up of wall layer

wall region of turbulent boundary layers fluid
I b , 1 7 , 1 b , 1 9  

vortex-wall

nave revealed a close connection between instabilities " and vortex ring/wall

local repetitive visual patterns seen in interactions. 1

the sublayer in plan view; wallward moving It is possible, by ignoring the many
nigh speed fluid ( sweeps ), and ejections detailed differences in these models, to

of sublayer fluid, seen in side views; and t

periods of important perturoations in the

variables u, v, uv, du/dy, ou/dx, and dv/dx concentrated vorticity, and describe tne
-near the region of maximum turbulence results of stretching of this vorticity on

proouction. Our interpretation of the data the wall region flow, or models which start

indicates that the turbulence production ith tne formation of a snear layer in the

' process is initiated when a wall region, the breakdown of which results

tnree-dimensional vortical sweep, of scale in the ejection of fluid into the outer

the 0(100) wall layer units, interacts with region. An exception is the model of Ref.

tne wall, and that it is completely 1, wnich relies solely upon continuity.

aescriobale in terms of the evolution of bounds on the time scales, and a

tne resulting three-diminsional vortical aourate time scale vnoca
sweep/wall interaction. it is shown that pretty accurate estimate of the velocity
this flow module contains the features of scale of tne wall region events nave been

establis',ed. Practically all of the

the turbulence production mechanism that interesting events in the wall layers take

nave oeen observed by many Investigators.Splace in t* = tuse/Ji of less than 30,

1. Introduction and that within this period, nigh shear
layers develop, intense uv contributions

edue to nigh speed fluid moving towards the
Ine search for mechanisms responsible wall occur (sweeps), as well as intense uv

for tne production of turbulence near a contributions due to fluid moving away from

wall nas resulted in a large number of t ri lu tions and povinr a ks r

semi-empirical models. zome of these tne wall (ejections), and pressure peaks of

explicitly model the longer time scale both positive and negative sign.

events, and infer that rapid breakdown of rurthermore, both space-time correlation

the wall region flow will ensue ai a result estimates and measurements of the passage
of either a visual impression such as a

of the modifications these motions make to ockether a press u idcae

the mean velocity profile, while others are tnat tn on re veloct I

principally concerned with detailing the that the convection veocity Is

period during which the rapid Changes approximately .OUc . An important point for

occur. Models of the first kind have been both of these quantities is that there does

put forth by Townsend,l bakewell and not appear to be a significant heynolds

Lumley,
2  

Lee, bckelman and Hanratty,
3 

and number oependence. Ihus it is possible to
others. ihese consist principally of convert from time scales to length scales
otes h- cnis rncpil ffor the purposes of comparison, with

streamwise orientated vortices which are

attached to the wall. From space-time relative conlidence.

correlation measurements, Eakewell and
Lumley found little fall-off of the Ine forgoing inforoation sugg sts that

correlation of streamwise velocity ( u ) visualization of tne wall region snoilo

over 40 viscous lengths, Suggesting that reveal disturbances with a let:gth 5:ale the

the vortices are well correlated over this order of 1 =It+) c/ 100, for

length. 3ome authors have hypothesized that bursts, or s.eeps, or Ycw pressure pulses,
the vortices extend the order of x

+  
Z 10U0 or nign shear layers Combining this IadC

( X
+  

= xub/ V ), which corresponds to witn tne spanwise scale of wall layer

tne order of tne longest streaks round in events ( bef. ,,5,6 ) which Is

wall region visualizations. Hecent probe approximately z* Z IOU, it is expected

,neasurements of blackwelder and tckelmannO tnat -local" trree-dimensional features

nave confirmed the existence of streamwise will mark tne bursting process Falcc
2
e

vorticity in tne sublayer, and suggest that first repurted visual Indications of the

it occurs in counterrotating vortex pairs, appearance of ccrerent, repetitive

unae to measure the lengtn isturbances of this scale in the sublayerbut they were ofabur bl ent L, r layr w
of the vortices. of a turoulent o.ndary layer. which

occurred at randoa posittons with respect

Models wnicn are concerned with the to the longer streaky structure t see Ref.

details of the rapid breakdown of sublayer to,, ) o he tcnbnirue used was to ill

fluid documented by Kline, and co-workers the oondary layer with oil fog



nt i n o o ou probes, calibration techniques, and data

A sheet of laser light illuminated the acquisition, are described in her. 23 and

region from y*=9 to 14. After some time, a 25. briefly, the systea allowed
conitin eistd i whchon verge, simultaneous sampling of all the wires. The

exiaio slted in which, on average, m

there Wasmoke between the laser sheet and most used probe arrangement consisted of 4
the wall, but clear fluid above. During wires, two arranged in an x and two
this period we could DO a regions of clear parallel to each other, Do that u, v, uv,

rnions abof erg and du/dy could be directly obtained, and
fluid of the acales mentioned above forming du/dx ad dy/dR inferred using a local

in the light sheet. because of their Taylo hypothesin.eCoebining &vl ocal

appearance and small scale, we called the Taylor hypotheais. Combining dv/dz and

regions "pookats". It has turned out that du/dy, t was obtained. At R@ t lObb, the

the pocket patterns are more clearly seen parallel wires and the x-wires were

using the flow visualization technique, separated by y* z 3.6. Additional details

used extensively at Stanford, of oozing are given later.

marker into the sublayer through a slit in II Results
the wall. Figure 1 shows two photos of the

suolayer. The pocket patterns are clearly It is important to distinguish, at the

seen. The exact shape depends upon the outset, the difference between the visual
stage of evolution ot the pockets asSdiscussed! below. The average scale of these pocket pattern imposed on the marker in the

d1, bwall region, and the signatures resulting

patterns is the order of x* 1 100, z* f from the flow at various probe positions

100 ( Falco
20  

), and their average within, to the side of, and above the

convection vel .ty is approximately the pattern, tf we assume that some flow module

same as reportan for other indications of is responsible for the pocket pattern in

Simportant wall region events. Thus, the the wall layers, then the signals and

pocket pattern appears to be associated visual pattern must show a strong

with the bursting process. It was correlation, but will not, in general, show

unexpected, however, to find that pockets a one to one correspondence. Falco2' nas

appeared both when the long streaky f

structure broke up ( Stanford references t, ound that in the case of pocket patterns
as well as in between the long streaks. that formed within a laminar boundary layer

that was perturbed by a turbulent wake, tne

hot-wire signals indicated the occurrence
e intend to show that the pocket of significant perturbations both within

pattern is, in fact, the footprint of the

tu:rbulence production process that has been phe patten e aonWithinidenife Intheaboe mntinedpocket pattern, as well as within

Sidentifed In the above mentioned approximately one pocket length downstream
investigations, and that the pocket flow of the pattern. ln this case, both hot-wire

module incorporates both the sweep and

ejection events as well as the formation of and visual signals indicated that a flow
an ntese hea laer.module was approaching the wall. It

an intense shear layer. produced tne pocket pattern as well as the

-11. Experimental Techniques perturbations Just downstream of the pocket

• ppattern. Based upon this Information, we
will call the entire sequence of events

cxperlaents we .e conducted in a

continuously ru!.ong boundary layer flow that is associated with the formation and

visualization tulinel. The flow was made evolution of the visual Impression, and of

visible by cont.minating it with tiny oil tne not-wire signals in the wall region

droplets. Thip marked fluid nas been whicn are associated with the pattern the

visualized with both flood lighting, and "pocket flow module".

laser light which was expanded into a It is important to determine the rate
sheet. Details of both the tunnel and flow at which the pocket pattern passed a fixed

visualization technique are described in
iief. 25. For the Present experiments, two point, and to compare this with the
additi.onal tchniqeshe eperensd to measured burst rate obtained by a number of
additional techniques have been used to investigators. In order to compare

visualize the flow. The oil fog "wash Out" invormato, we nad to co pace
tecniue mntine i te Itrdutin, information, we nad to count pockets that

tecnnique, mentioned in the introduction,
to a technique which allows a quasi-uniform were resulting in tne lift-up of wall layer

concentration of marker to be present in fpuoi as trey crosed the observation

the wall region over several boundary layer point. From our experience with pockets

thicknesses, without problems associated see her. 23,24), we new that the majority
with marker introduction. This Was used of tne lift-ups occurred after the pocket

together with one or more sheets of laser reached its "fully developed" state. Tnis

lignt, which could be placed where desired. stage in the pocket evolution is

Ihe other was the smoke slit technique. A cnaracterized by the development of a

specially designed slit, which introduced pointed appearance of its upstream boundary
seiallyt 9( details are given below ). Counting onlyoil-fog at 9 degrees to the oncoming flow, flydvlpdpces h ubro

across a 30 cm line, was combined with fully developed pockets, the number of

flood light Illumination, to obtain an pockets per second, non-Iliensionallzed by

alternative view of the pockets, and get the free stream velocity and the boundary

better information about lift-ups, layer thickness at = I55, is
approximately 5. ranoe 1 compares this

hot-wires were placed in the flow in value with others found in turbulent

several of tne experiments. Details of the boundary layers. It Is concluded that

32
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pocket flow modules must be associated with measurements have shown that both of these
the bursting process. Furthermore, it peaks have resulted from the passage of

worth noting that if pockets were counted pockets. The time for passage of the

without regard to their stage of evolution, earlier evolving pocket flow module was t*

the rate of occurrence Increases z e3, while the later pocket required t*
considerably. b to pass over the wire. These times are

indicated by vertical dotted lines in the

Inspection of the combined figure. Although both signatures resulted

simultaneous visualized wall layer flow and from the passage of pockets, they are

hot-wire measurements, nave shown a high significantly different in content. The

correlation between the evolution of the eariler signature contributes It largest UV

pockets in which there is a rapid evolution as the result of upward moving low speed

of the marker, and the periods of high fluid, i.e. An ejection, whereas the later

instantaneous Reynolda stress, high shear signal contributes Its largest uv due to

and/or vorticity. The picture is, however, wallward moving high speed fluid, i.e., a

complicated, due to the rapid evolution and sweep. The age of the two pockets was t*
g6 and t* = 12 respectively. Inspection of. change in the phasing of these quantities. threanrofhedarcrdevld

1-11 It has been found that all four of the the remainder of the data record revealed

possible motions that can contribute to that a very high correlation existed

heynolds stress are associated with the between significant perturbations in the
pocket flow module at different ti 03 in uv, du/dz and dv/dx and du/dy signals, and

its evolution. These four events have been the Passage of the visual Pocket pattern.

called ejections ( u(-), v(+)), sweeps ( Signals such as those in Fig. 2 suggested

u(+), v(-)), inward interactions (u(+), that the signatures were evolving in a

v(-)), and outward interactions (u( ), consistant manner as the pocket evolved,
and that the evolution involved creation of

V(*), se Wllac atal.6 Itis hus both ejections and sweeps as well as the
necessary to examine signatures at specific oth eactions and he ation of
times after formation of a pocket pattern intense shear layers.

to uncover the fact that a highly coherent
evolution takes place. Measurements of the An example of the strong
lifetimes of pockets have shown that they Anence ow the og
persist for the order of t a 30. however, correspondence between the pocket and the
toesignal perturbations is exemplified by the,'they evolve continually over this time v l c t r d e t d / y h u b r o
period. Experience has shown that the velocity gradient du/dy. The number of
signal response can change signficantly in du/dy peaAs which were greater than
t* a 4, which is short compared to the 2Cdu/dy> was first found. There were 47 of
tine of passage of the pocket flow mod ule thea. Then the movies were examined to
over a wire, hi h depending upon the te determine what percentage of these peaks
of evolution, ranges from t 10-30. T was attributable to pockets. It was found

fact, combined with the difficulty in that 45 were, an astonishing 96 per cent.
determining the moment of formation of a ke then determined the age of the pockets
pocket, has made the process of that were associated with the high peaks.

accumulating ensemble averages of the Ine result is shown in Fig. 3. It can be
pocket signatures at various representative seen that pockets had to be at least t*
I sntervals In thes n of the flow 0 old before being able to produce a shear
module a prolonged task. Thus, the results layer of this magnitude, and that pockets

presented herein will be qualitatively older than about t+ = 30 rarely contained
representative of the evolution. Work is in such a high shear layer. The average age of

progress to more accurately measure pocket pockets contributing du/dy ) 2 (du/dy> was
inception and to build sufficiently large t* = lo. Vorticity peaks at 2<du/dy> were
ensembles, however, the nature of the of duration t+ 3 with a standard

4 turbulence production mechanism can be deviation of t+ 1.7. Pockets which were
clearly shown with the present information, younger than t+  b were found to exhibit

a different du/dy signature. In general
Fig. 2 Shows simultaneous records of they were associated with values of du/dy

Fig.2 sowswhich were lower than the mean value.
uv, du/dx, dv/dx, du/dy, v, and u, for b
boundary layer thicknesses. The boundarylaye coditonsare R. 106, u x~al urther progress in understanding tne
layercOndtions are: e .0, cn see' pocket evolution requires a breakdown of
ft/ecte evolution into stages, each
that tnere are two regions where
significant uv contributions occur, if we characterized by the dominance of one of

compare the signals with the long time the heynolds stress producing events. The
average value of uv, -.014 fte*2/sec. we data indicated that it was possible to come

nave inspected records such as these close to achieving this goal, by Identifing
five stages in the evolution of the pocketcovering t0a delta. rok this sample we flow module. We will now discuss these five

confirmed that these peaka are
representative of instance$ of large uv. stages paying special attention to the uv,rney are respectively . and 10 times the du/dy, and u signatures, and the visual
average uvespecey woan 10 tmes t impression of the pocket from its
aeae u Tergecent work of Coe-ellt inception. Fig. 4 shows these three
et alk7 als suggests that these peaks signatures and the visualized pocket
are signficantly higher than their quadrant pat reach of theufive ptaget
breakdown descrimination technique pattern for each of the iive stages. 1e

requires. Our simultaneous visual stages aiffer Somewhat in duration, Stages

_3



indicates the lift-up of sublayer Zluij miJ
one through three nave a duration of 1Jla*thlituposoayrIuianapproximately t* = r . Stae four had a its rotation about a vortex which is
appuroxiato t .1 t a e stor hade was apparently formed or amplified along the
duration of t a 12, and stage Tie was boundary of the crescent shaped pocket (
approximately the sae duration. There ws Falco4. ). both laser sheet visualization
an overlap of approximately t* a 4 from and suolayer slit visualization tusing
the measured time of pocket pattern flood lighting) show this lift-UP Offormation, to a given stage. T he variation fodlgtn)so hslf-po
formtion toa, givenstge.The via tn sublayer fluid, and its rapid return back
in the signals, the fact that rapid to the wall. Isis rotation has the same
evolution occura In t* x I, and the sign as the vorticity of the mean flow at
uncertainty of the inception instant all the Upstream end of tne pocket Ihe vortex
combined to limit our resolution. It should however, follows tne contours or tne
be noted that the data was digitized at a crescent, and thus has a streaSwise
rate of 10 points per t*, so that the orientated portion. 1he streamwise velocity
resolution problems were confined to the signal during this stage continues to
visual measurements. The signatures are indicate that high speed fluid is in the
-eyeball ensemble averages of the signals pocket. The uv signal remains strongly
from 1b, 7, 6, 9 and 17 occurrences of negative, indicating the continued presence
stages one through five respectively. oegthe , diratin ti d ne

because of the considerable coherence of of the sweep. however, a dramatic change
the evolution, the qualitative features of has occurred in the du/dy signal. It nas
.the stgesuto are quatelyt resentue by become strongly positive near the upstream
the stages are adequately represented by end of the pocket pattern. This result
samples of this size. An attempt has been supports the Visual observations mentioned
made to indicate approximate above ( also see t. i3 ), that a vortex
non-dimensional magnitudes of the signals has formed, or that vorticitY has been
and to draw the temporal extent so as to amplified along the pocket boundary.
approximately scale with the visual
impression, In all cases, only pockets Furthermore, du/dx remains small,

iressnti. all ceere themseves al indicating that tne flow within the pocketwhich essentially centered themselves along is not an inclined shear layer. This gives
the probe path were used. This criteria was additional support to the picture of a

* . applied loosely, because of the obivous
difficulties, but enough observations of vortex at the boundary.

pockets in the relevant stages which were Stage three occurs in pockets that are
not very well centered were made to add between t h re and old. n e pocket

qialitative confidence to the discussion pattern becomes pointed at Its upstream
Which follows. end, and elongated. 1he lifting up of

SWwsublayer fluid continues, but Is primarilyhe begin with stage one, which observed to happen along the sides of the

includes pockets that intersect the wire obeet haen an the sd Th e

anywhere [rom their Inception, to t,* * pocket as indicated in Fig. Id. Tne
streamwise velocity perturbation begins toafterwards. The visual Impression in either show the formation of a region of lowthow lase sheeto Ilumnae bufe regineoro

the laser sheet illuminated buffer layer, velocity forming a little bit downstream of
or in the sheet of marker oozed out of a the pocket pattern, however, within the
slit in the wall, is of e roundish hole boundaries of tne pocxet nigh speed fluid
being created in the smoke-marked wall continues to move towards the wall
region. It appears as If the marker has maintaining the large uv contribution. Ine
been Pushed out of tne way by a waliward uv signature shows that just downstream of
moving disturbance. The streamwise velocity the pocket pattern an ejection is
is high over the entire hole, and the uv developing. At the downstream boundary uv
signal is the order of 10<uv>. The highest is positive, Indicating tne high speed
uv signals of the entire record were found fluid is moving away from the wall ( an

4 during this stage of evolution of the outward interaction ). The velocity
pocket flow module. Ihe shear du/dy is less gradient du/dy continues to change
than the long time average. Thus we can appreciably. Just downstream of the pocket
conclude that pockets are formed by sweeps pattern, it has become significantly
which come to the wall. It is worthremrkig tat e wuldnotin enealpositive. At the downstream pocket
remarking that we would not In general boundary, du/dy nas becoe significantly
expect tne low value of du/dy, since both lower than the mean smear. Opstream, within
tne flow models of Nef. 12 and Ref. 13 the ooundary of tne pCIket pattern it
Suggest that incoming high speed fluid remains positive, but Is repuced in
results in a high shear at its interface as magnitude from tne values It had in stage

it approaches the wall. Furthermore, in two. We have also inspected dv/dx at this
only 1 out of the lb stage one pocket stage. It is In general much smaller than
events, was du/dx significant. Taken

togthe, te asene o boh o thsedu/dy, and only occassionally becomes
together, t e absence o h both oe tese significant. During stage three, however,
shears argues against the hypothesis that dv/dx shows a significant positive valueincoming higher speed fluid results in an during the time dulay Is negative ( lower
intense, sharp shear layer. We will return than the mean su/ear ) . Is suggests theto this point later. hntema ha ) nssget h

presence of vorticity of sign opposite to

Stage two is characterized by the the mean vorticity of the layer Is present
at the downstream boundary of the pocket at

formation of the characteristic crescent this stage
shape ( see lig. 4 ), between t* : 4 and
t* 12. ?low visualization at this stage

4



Stage four occurs when the pocket is downstream of this shear layer This

between 1d and d4 t* old, 1he visual picture nas been previously arrived at ty

impression Indicates a steepening upstream Lcaeimann et &I1I and by blaewel4er
1 -

portion and apparent rapid movements toward so now see where it fit& in the overal,

the downstream end, which are sometimes production process ( we will return tc

accompanied by vortices, and sometimes by a these comparisons later

buildup of smoke near the front of the

oocket pattern, indicating a more Intense -tage five occurs between t. fJ and
and concentrated lifting of sublayer fluid t* . jU, approximately by this time the

than previously observed at the upstream visual impression of the pocket pattern has

end or along the sides. Visual results become distorted, but some evidence of its

using two mutually orthogonal sheets of presence is usually detectable The

laser light, one in the buffer layer, and impression of intensive mizing at the

one perpendicular to the flow, have shown downstream end is sometimes apparent in

that a discrete vortex is rapidly lifted up experiments which visualized only the

from the well region. Fig. 5 shows this sublayer or buffer layer In the
event occurring. The top half of the photo experiments with simultaneous plan and sde

snows the wall region structure. One of the views, we can see an orderly eie~tion,

pockets is roughly centered over the described d.ring stage four, suddenly
vertical l sgt Sheet which produces the become chaotic. with all ni :atiots of

lower half of the picture. In the aide view vortices and/or any other sense of

( lower half ) at the downstream end of the conerence J,ssappearing inis a,esn't
pocket pattern, we see a vortex which is always happen durlng the ejection

moving away from the wall. An Indication of zosetimes the vortices can be seet, to

fluid rotating in the opposite direction continue further out, and evolve

immediately behind this vortex is also substantially but these occurrences were
apparent. Ins streamwise velocity rarely observed compared to those wti n

perturbation shows that the region of involved breakup between y* z -U-5(,
velocity defect which formed in stage three Looking st the signals,we see that tre

4 has increased in Intensity, wnile the streaswise velocity reaches its minis.*

region of velocity excess, still contained value, and is negative btn d, .nStreAm A,,c
within the pocket boundary, has only within the pocket pattern Ine nign nIeed

VSlightly diminished. Ine uv signature, on region witnin the boundary ,.f the ., vets

the other hand, indicates that the region has dissapeared the uv SlgRatre s-,ws ar

c ci defect i associated with a intense ejection, I e , tre order of 1, jv

significantly strengthened ejection. At the ( note that the intensity of sweeps in

downstream boundary of the pocket, uv is stages one tnrugn three is a litti
positive; the outward Interaction continues nigner, the order of O-Nukuv? ) these

at about the same strength as it had during ejections are the most intense cuserved ir
stage three. ithin the boundary of the the entire record In 5, per cent of tnr

pocket outline, the sweep also continues, sample, a small p-sltive ,v ccrtr tuti.,t

but at a significantly reduced intensity, was noted at the end of the ejectior

which considering the fact that the interval, whlch aS due t( inward movIng

velocity excess i5 still relatively large, fluid of low speed. Ine ve.oeIty gralient

suggests that the high speed fluid has du/dy is s n ifi,.artly re- w f.e mean shear

begun to sove more parallel to the wall ( of the layer .ggtesting trat either the
this May be the cleansing sweep noted by ejecting [l1il i nas tloct.atr.g ve,rlirtyI .
"Corino and brodKey ). Ihe velocity gradient opposit- sign Irom ine ean rvort'ivity of

du/dy continues to undergo significant the layer curing 1ts breakup, ror tnst the

changes. Just downstream or the boundary of breakup reslts it, a wail mixed regir, _f

- the pocxet pattern, the gradient increases low and nign speed I lui i Further

oy a factor of three. The width of this inspection indicated tnat near the ,rst-eam

peak, the largest du/dy magnitude found in end of many of the ejectlon intervals,

the boundary layer at this level, in the du/dy became slight ly posIt Ive The
order of t* = 3. The du/dy peak which gradient du/dx conisi tently in. wed t ' ' *

formerly existed within the pocket pattern flui3 first accelerated and tren
during stage three and earlier, has oecelerated as te e-e t i , a s i Ir I e

disappeared txaminatlon of the gradient probe Ine gradient iv !x -.i' ,'e 1 :a. .v
du/dx, snows that it also attains Its zero tnrogdrout tagte I 4~e .'.e .' a ..

maximum values during this stage of the impression gained frLm t Is stage i t at i

pocket's evolution, which also Is the large scale, well i zed region .f fiid Ii

maximum ou/dx found in the boundary layer ejecting away fro the waIl rear tne
at yO l 1b. Ine average duration of this downstream end of the pvcoei ;attern lte

peak about Its zero value is t* -b.7. absence of signifi,-ant values ,f (L Ix .r

examination of dv/dx indicates that it is, dv i R gK sts tne "well mixed"
on average, close to zero at the downstream des,.riptlon., as dues the negative ., ay

boundary of the pocket pattern, unlike the found durng , n e oreakup Ine rea' Ive
significant positive value which existed fAuctuatt ng 1U./dy may dalo A gKrst trIat t in

ouring stage three. The overall impression overall bretk,. ',ti(in has flirtj atIng

is that, at stage four a strong shear layer vurticity of pIsite sgn frca that of tre

develops at the downstream end of the mean f(ew
pocket impression, and that strong ejection
of sublayer rluid is occurring immediately I r. 1-I If r - t .n , i r. s



Ihe sequence of events deacribed above of opposite slgn from the man vorticlt) of

involved all of the four Neynolda stress tn* layer, dominated over both that
producing events, sweeps. ejections, produced by tPe stagnation point flow and
outward Interactiona and Inward Lne son flow vortlcity

interaotiona It *ein* with high Speed

fluid moving towards the wall LA noted by urIng both stages one and two. it was

L Ihthill
2
0 whether this fluid IS noted that ju/8 remained insilgiIfIcant.

irrotational or rotational it will result suggesting that an inclined *ner layer was

in tie production of vortloity on the wall not present during these times KLUwvet.

ground the stagnation polt it create# Us during stages three and four we noted that
Lhe downstream side of the swee, thl au/ds Increased significantly puring stage

vortioLty will nave the same sign em the four. the average of the Saslow& wales of

main vorticlity or tne boundary leor, but du/i te SU per cent of the average of the
on the 4peres aide it will be of opposite maximum vales of I., y both mat ass0

sIgn AL this newly created vorticity occur cose t c , I :,er ) Luring stage

$asse the probe during stage one, we three, there is a car la teatr, t of or.

srould see an increase in du'dy due to it, increase of worti ity .f the same sign as

but we don't Instead, we have a decrease the Sean vorticity of the ,ayer. .rrIng

Its duodY This can nly be explained Ir the at the owst ea er, d I tre pcaeI f.ow

s.eep hies worticitt f . ppcsite sign from a" Jle Iris w.rt lily I I ire.sat.y a

the mean vorticlty t h ayer, at Ita re I t r-Irct I.* f t .. .. t i t , .t e It

icwristrees end If this vrt IcIty was the st agnat It I .n r I w - etL tr, I.W.I

strong enu.gh the net effect could be a int. a t,n antrI I r toa tis I artifI .

decrease in du/dy Tnis pssility to s abve the mean. at., &..e., p erIear a a

s.bort*d by the fact that 1. de Is not v'rte• in slie vIe. ,ar vista. itl: ro
signIficant teoase, I aan t.,gethr

, 
the ilt.r li t. te e iI lIa.t tie . aet .i! ie,

tic aindicate that the sweep does not tc ev,.s I r atae tr.ree t i

appear to create a sne r layer at its the I. . at " . I 
-  

., 3

jownstroea bourdary be I.i n I ,I 1 1 s .a' 1 r

O t Ire et t.t ., nte t ea, I

I vor t i c I t y ,f p, s its sign exs ts r a.re se .t a i by a t a V'c ~ . e
a at the front of the sweep, which creates V1is4s1 iat 's •t 1.

tIe trnree-tisvnlio i po-eat pattern, it IS aelat ge er..y I. ' age ..-.

asba ape-, eptt Mhat ths I,** vrte eyed at, fc I r c a 1,nilra r : t. ,er,@? t l a ~ e IeVlvlliLl ~ I "

C iines -1 se upr thensei am at the ipatreae ig rrc. .t P'e I&

end of the three-d ier ilonal sweep mIe J.. t: 'as , . ' lscC, "

oienta of stage twO s.ppurt this '. .el'e" , ' e

1sggestlon eon the pocat flow aoddle int'a ti I .1t .".

Oesse during stage two, we find a shar tw o e. 1 .A .?.a a.

increase In duldy near tn .pstream end of .. il s. .rcj at .9 .1

the potiet pattern, and vsual LOervt irns .t. n. -.iit A 'C . :

snow that sobla er fluid Is l fted-o f r r a I..r'ci ci'

the wall, rotates ound a vortex core re . . ... . , * a

wliCh has the same sIgn as the sen .n. t! "" '- ' ,

vorticity or the layer, ani returns to tne ,.qt ; ,

wll ibis is the sot ~ we woulg 'lpe IT 7 l
t

ct If' i * i" . *
toe sweep .ere a vortee ring .t 15 the ItrC *e ,AT . a .

,ppuslte of what we v-ld eaie t from te a" c ., . -.

vort icity generated 'y saliIward a.vIn& st res i V

ir r ,tatI lnal fIuld whlr, reatea a4 a I . I I

stagnatIon point flow - .f" Iw , .

i4r a| I . I" • a'

4 et o o.0 rt5 e w.* rer en & v r t ea ar in .a * , ..

ardq the i. cree!s a l ig g io &.r I~c .n I
n. r-. I gerorates v , rt I ity as !,t di c at d a, e e r I

it. Ct r 3' .s I Ih e ,lt -e ia end of the 1s a.... g o"i, . .4 , ,
p met I . i 5&cI, i. v rt ri tyI .ty , t t . . .. . - . .-

s ign aI, t! of tr.p mear . rl ,'Ity of the .es *...... .

a, a r . 1 e ,r ,P ae I r.e fac-t that the ,. £ . - , .,

, t V r I t y ,r v s a sIr ,rg Ir,. reese a bove

tr,e apan value a I ,i ales tV at the al Iward .e t ". . ' ,

acvIng vrtI ty tr the sleep Is baig .! ci " 1 4' aa ".e IaV as

strongy mapifIed ThIs s f 4 -ation .p tI- t Io - ., *'

I. . d be eajerted If a Vsrte r I , . at a. a K

t a, pr a. d ,e4 the wail a.l. 
I  

w rt I Ity of the t, ". . . . . .. ,. . .
ilin .e ave j.at I l ed to te rr ds t A t t , b , t P

r. s tant wIt h- e , wo-P I - a I the t ' ,4' .t t 4

effect of the aI51, 4 a deed by Inv1scid itr.' . ; - .. • . . , -

theory. w, uld be t. Itret h Ire ring, thus ' tfiI I ' ... . .ret 's e

aspIIfy I it9 vort Ity TIll 4, Ity "'........5 f e

4aplif atIin of v, rt I-Ity In Ire sweep a' a r. , t , ' e e c -

Ilso t.opS us .n Ier ISna J . y, -ur 
I 
ng stage r.. *- .,,. " ., , 4 S

ne, the vrt lI ty it. tr.e p ce . wthlih was c 'ii , . . , ,
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pattert, Inese questions require further inr the sweep. It to clear that pr.enomena of
research the scale Of delta are noi directly

involved, however, there i Substantial
In* spatial scale over which the evidence, brown and Tno as 

0  
ialco,i

t

evolution of the pocket flow module takes and Chen and blscuwelder,3i that the large
piace can be estimated by Multiplying the scale Inflows are phased with the phenomena

average convection velocity of the pocket being discussed
patterns. b iw . by the average duration
Of tn poceet evolution. tt a 30. This I alacgew er and Kaplanhl show tne

results In 1 on the order of 4O0. conjllonaliy saspled Peynolds stress

pattern that results from ttelr oetection
V viscusion and Comparison technique their resuIt are shown in tIg

.e have irnverted tneir Isratures to
A review of the literature Indicates enable more Iledite c-opar1so 9 with

hat iany of the Inves -- gations into the igures e and I me See that their i Snai

wai region stricture of turbulence have appears to be a composlte of stages three
focused on events that appear to occur as and four. It eatends over ro..gnly t- - ?U
part of the evolution of the pocket flow nas a sweep folowed by an ejection, witn a
sodule1 we will briefly point t.. the major region uf very low oir ntgaLivwe NeYn Ild3
-rrespondence. aitnuwgh t. uur anowledge stress sejarting them Ihe peak averages

en inor detail of alot of the or the sweeps in three ono the eje-t tons in

ir.vest get Ins show clIse c:rrespondence stage four are isiar to t heir values

bia ewelier Ari] ;tapiar, o135 measured the

one of tne amst used3 ht-wire signature '/4 delta d(wrstreas ,,f the

tirou c te detertion technic4es s ithe one position at W iI m their detectcr irjicatead

,Jeveioped by oupta, Kaplan and Laufer, high duIdt iney found , after ctrrer:tina

and .sed by blacewelaer and Lap Ian and for the dii ftrent orvec tion vwe-ittles 1f

ala awelter, le bi ,w*, e r and Individual events, the pi "turs it Pig tt

Icseleann.' and slay otner, t dletsraine Inis spatial separtiur, crre r t tI a

Swell layer struct re Ine techn icue temipra. irterval of t rt, . ;.I
Ir, v I .es aI ,,ati ,&a smn rt tie* variance t:n3istent With tre time i , ter. . t . ee ,
t. te stredaw 5e vse i ty fluctuations, it ages three Cr,1 ' t- r r .,irc .rc .s Is

a wraged er an IntervaI varying frog to iuse that .4 n tage four t r I .. t I ni

1 3 Rer C, " ' t.., .o , Aef II ) For the same jeve,. tient es we ra 3 St e 0re

I r, ter,4 .a f tnele ) r Il tn5. the short for tr, e p - ts

time as@ ged r ,aridan - i'r.ngly resembles

tt d . J!9 atgaa. we ra&ve f jnd that du/da Ve * .s:n.. ..
,btta nej fra I i t . sir a l., cal I aylor ,.te e .,.'i ,,r, , tne Ie .

.yputr.esls 4- teIi@J IL largest v alues in r , .cwe., r ar. ad . 4 . ,r f . . Ate

the n o " ..e U 't.ary .ayer thi &r,,sses that t re . s a .vge io s g g 1 * 4nO

AnveC ' .,ttd. 3,,r ;.g Age four of the jw Jyi w 4s tr e % aar; j 3c °er*4 , en ty

l t av,.t I n .ir ,rn l otner stage nr a tig 4 we eKl t L t f I. t t = -t',3

where sIr ,fI ant 
t

. In was found, was tF) e ter nc .i f tie , t, tt . en tr.e

r-aae tree, where the tags were about O0 P.rt !. . r ; r, 5* • e I , t.e we e

oer e n as arde in# a verage .lilth of the a -seSt 4.4, r c e .tcr 1:e etInI,

eas. oa4sifer * a t sIgnal| as, ,lurIng tn, t.. we *...p se ' , wed.
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large as their data window. This high speed is consistent with the findings of Ref. 9,
region interacted with the decelerated and we will now show tnat It is consistent
region and resulted In an ejection of with the work of Uffen and Kline,6 who
fluid. Sometimes the ejection would occur studied the relationship between motions in
just as the accelerating fluid entered the the outer flow and the bursting process
field of view. while at other tiles, it near the wall. They found that there was a
occurred after the acceleration process had close connection between sweeps found in

oegun. The ejection always occurred before the logarithmic region, and the bursting
the entire region was completely process indicated by wall dye. In

accelerated. particular, a wall-ward moving perturbation
was observed In nearly every case just

Fig. 4 gives, of course, the sequence prior to the appearance of oscillatory

of events an observer would see as he motions In the wall dye. Furthermore, the
followed the flow when a pocket flow module oscillations at the wall are first seen
was evolving. Fluid downstream of the downstream of the outer disturbance. This
pocket pattern is moving at the local mean description corresponds to stage one of the
velocity during stages I and 2, and Is pocket flow module evolution. Abstracting
decelerated as the evolution proceeds from their results, they continue... "The
stage 2 to stage 3. During stage 3., the wall-dye disturbances grow slowly and
sweep moves to the downstream end of the eventually lift up. At the same time the
pocket pattern, and thus It would move into nydrogen bubbles ( their wire was normal to
the field of view of a data window located the wall) show that the velocity field
near the downstream end of the pocket becomes perturbed in the region directly
pattern. It is also during stage three that above the oscillating wall dye. Tne

we see the ejection of fluid near the disturbances in the zone generally look
downstream end of the pocket. It Is like patterns one would expect in the
Important to note that the length scale of presence of vortices, and these dominate
the pocket fits the Corino and Brodkey tne logarithmic region. Focusing attention
ooservations. Thus we see that they have closer to the wall, simultaneously with, or
also keyed upon the downstream end of the shortly after, the appearance of the wall

_ pocket flow module for a significant number dye perturbations, a long, narrow,

of their observations. A discussion or what high-shear zone forms just above the reelon
they would see if the side of a pocket of wall-dye movement. Vortices form along

entered their data window Is given in Ref. the apparently unstable shear line". Stage

two of the pocket flow module evolution
fits this description closely. The incoming

The turbulence structure in the wall sweep has moved wall dye to create the

region has also been studied by Lckelaann, pocket pattern, and in stage two, we see
hychao, brodkey and Wallace.13 They that a high shear zone has formed ( note

studied the streaswise velocity du/dy ) over the pocket at y* . 16. In an
flructuations to find a pattern that earlier work, Falcoe, emphasled the
appeared to reoccur, and developed a presence of transverse vorticlty of the
pattern recognition program which detected same sign as the mean vorticity of the

the pattern in tie streamwise velocity layer was present slarg the upstream
fluctuations and proceeded to store all of boundary of the pocket, i.e. , at the end of
the other quantities they measured The the nigh shear zone noted by Offen and
pattern consisted of a gradual deceleration &ilne. It is nelessary to p,.int out that
from a local maximum followed by a strong the nlgn shear zone Lney are referring to
acceleration. Since this description fits occurs prior to lift-up, and is different
the pocket evolution during stages three from the one associated with stages three
and four, we should see some and four of "ne pocet evolution described
correspondence, especially in the region of above. Continuing our abstraction of the

4 the strong acceleration. kckelmann at al results of Pef. o "most or the lift-ups
Measured du/dy, uv, u and v, at y* X 15, of wall dye were seen scse time after the
so comparisons can be made Comparing their formation of either a streamwise or a
uv and du/dy patterns In the region of transverse vortex, and these began to leave
strong acceleration, with the pocket the wall where the vortex rase closest to
pattern during stage rour, we find that the wall The sweep generally conttnued to
both signatures are in agreement, even with Move towards the waill after the low- speed
respect to the phasing of du/dy and uv and tluil element nd begun to lift away from

u. Furtheraore, the width of tne du/dy peak the wall.. ints de3scription corresponds to
Is the seae order as found in the pocket. stage three of the porket flow sodule. At

nus, it also appears that Ref. 13 hs this point in the evolution, waill marker
xeyed upon the downstream end of the pocket nas lifted up at the upstream pnd and along
during stages three and four. Their results the sles of the P,-Mets In# vortex which
which show a significant broad,-ning and lies along the v,_.undary of the pocket Is,
reduction In magnitude of the peak at y* a of ourse, straswise Drlentated along the
00, reinforces this conclusion. sules Uffen and 1kilne had an .ssenttally

tw -ditenaiunal slice, so that they saw
Ine pocket flow module is a flow either a transverse vertex or a streaiwise

module that integrates the sweep and vortex. As the waill layer fluid to
ejection events, as well as the other two lifted-up, first at tre back, ind then
uv producing events We have shown that It progressively around the -ties, the fluior I



at the back will, as It spirals along the module. Ihe evolution of the probe signals,
pocket vortex, move back towards the wall as well as the visual data ( It should be
and then away from it again. This would noted that although visual Indications of
appear as the oscillation which IS seen to vorticity In sweeps have been obtained In
occur after lift-up. Often and Kline the boundary layer, the clearest visual
continue: "during the end of the burst's data relevant to this question has come
oscillatory growth stage, the interaction from experiments with turbulent spots ),

between the burating fluid and the notion Indicate that the sweep Is vortical, as

in the logarithaic region causes the noted by Often and &line, but that,
formation of another large vortex-like furthermore, It has both forward and
structure. boas fluid from both the burst reversed transverse vortices In it, as seen

and its associated sweep, returns to the In a streamwie light plane, or a light
wall. When this fluid arrives at the wall, plane perpendicular to the flow. this
it spreads out sideways and Is quickly strongly suggests that the vorticIty of the

retarded by the strong viscous forces near sweep 1 organized into a ring. As we have

tne wall. It is believed that this event Is noted, the evolution of our hot-wire
associated with another lift-up process vorticity data also supports this picture.
farther downstream". We believe that the As the sweep approaches the wall at some

evolution they were describing corresponds acute angle, one portion of this ring comes
to the end of stage three, and to stage in close proximity with the wall, is
four of the pocket evolution. During stage stretched inviscidly, and causes the first
three, transverse vorticity of the opposite lift-up. Then the downstream portion comes

sign from that of the mean shear is in close proximity to the wall an4 causes
amplified, and we see the start of lift-up the second lift-up, which results In the

of low speed fluid at the downstream end of strong shear and breakup. Although the
the pocket pattern. The amplification of pockets are found to be individual,
the transverse vorticity appears to be the Independent flow modules, they are,
Interaction Often and Kline note is however, are often found in groups ( see
occurring oetween the bursting fluid and Ref. 23). bvidence of the time for

tne logarithmic region, which they suggest formation of members of a group of two or
causes the formation of a large vortex three pockets suggests that, In general,
structure furthermore, a high shear layer they form within an interval too short for
Is formlng at this end of the pocket one to be considered the generator of the
pattern. In stage four, a strong ejection other. however, exceptions to this have

of sublayer fiuli occurs, which as we have been observed.
suggested, resuts from the mutual

* interaction of two vortices. This is the Another interesting fact about the
,second" ejection that Offen and Kline pocket evolution, which has been previcusly
suggest occurs, and which is the basis of observed during tne t.rsting process by
tneir hypotnesis of the cyclic nature of Kim, Kline and keynolds

7 
and Qffen and

the bursting process. It should be noted Kline, is that the lift-ups don't

that they conclude their description of the continuously mvve outward, but instead they
oursting process oy noting that breakup of oscillate. Ine s.blayer fluid which lifts

the lifted sublayer fluid appears to be the up at the upstream end of tne pocket,
result of vortices interacting, and tnat subsequently moves aterally and towards

flow patterns in the region surrounding tne wall ard tnen Away again, as It spirals
oreakups revealed that 00 per cent of the around the vurtex that exists along the

bursts urGe up lumediately after an boundary of the pi.)et pattern t hence the
interaction with another vortical "osCilIation" ) 'hls mution d-es not
structure. uuring stage five of the pocket produce a significant uv signal at y. - 1o
fiuw module evolution, we have observed I see stage two of Fig 4 which snows that

4 breakup as the twO vortices mutually the uv Is due to the sweep . IntIs !5

interact, consistent witn the findings uf offen and
Kline that the oreaKup periods, not the

Inus it appears that the description lift-ups, corresponded to the times at
of the turbulence production process given had m0ot ol the fluctution energy ( also
by offen and Kline fits that found for the see KlIlneJ

pocket flow aoduIle evolution as a whole.
nowever, their as uo ptions about the cyclic I he recent .rk -f ri ',er ar.1
nature of the process now appear to be hanratty

J
4 un1"h -,tined arrays ,f .4.i

related to the lilft-ups occurring first at probes and not-wires in tne wall r, .r,

tne upstream end of the pocket pattern, and supportithe hypothesis that the Cfrei.ant

later at the downstreas end. Inus, it any flow structure is a strongly Ilo.ed

be that the cycle tr-ey suggest has only two combination of inflows of hiQr, T ,,e,.t ,t
lift-ups associated with it. They show that fluid and out*ard fI wing Ic w smtr ,e
sweeps preceed bursts which in turn. they fluid. Iney found that the Inf ,ec . r'% ir.
suggest. Interact with the log region flow tne velocity profile resulted frm :,tr
to prog ce new sweeps further downstream. inflows preceeding o,.tfl w.ws al,,1 ! j :.'
Kline-i has noted that this statement pre-peding lnflcws Tre first e 4,t .e

appears to ce anomalous, because the burst would occur at the 45treaa end of the

is, of course, low speei fluid. Our pocket, whereas the second -uli orccr at
information suggests that there is one the downstream end
sweep associated with the pocket flow

LI



ine results of the above comparisons order of .O. The mechanisms involved
Indicate tnat the probe detection technique include; stretching of the vorticity in the
of $ef. 19 nas keyed upon the stages three sweep, the gereration of vorticity near the

and tour of the pocket evolution. Corlno wall by the stagnation point flow that the

and brodkey have also apparently stressed sweep creates, mutual interaction of the

this phase of the evolution. Ine visual vortices formed as a result of these

data of Kim et al 7 and Offen and Kline
o  

processes leading to motion away from the

nave described the entire pocket evolution, wall. The distinct pocket pattern results

As a result, the conclusion from the probe because the sweep vortex is amplified to

studies indicate that high speed fluid Is the extent that it induces the stagnation

upstream of the ejecting fluid, this was flow generated vortex around itself. This

also true of the studies of Corino and lift-up of sublayer fluid results In a pair

brodkey and Eckelmann et &l. On the other of snort streaks which appear to oscillate

hand, the study of 3ffen and Kline as the lifted-up fluid is returned back

indicated that sweeps came to the wall "owards the wall. When the front of the

downatreas of tne lifted-up wall layer dye, weep reaches the wall, the sweep vortex

Out that because of the cyclic nature of and the stagnation flow generated vortex da

the process ( as they saw it ) the sweep induce each other out to the log region. In

would eventually be followed by a burst. It doing so, a sharp shear layer is created

Is now clear that the term *ejection" between the two vortices. By the time they

snould be used to characterize wt'.t ; appens get out to y* t 30-50, they breakup. It is
to the lifted-up wall layer dye at the end not clear why the stretching of the sweep's

of the oscillatory growth stage, but ring vortex ceases before its vorticity is

immediately before breakup. The terss diffused, allowing this outward ejection.
ejection" and "lift-up' nv, been

interchanged in the past. Inus, the formation of streamwise and

transverse vorticity concentrations of

Finally, we want to me .-. that the snort duration, intermediate scale streaky

mechanism of the lift-ul,s to structure, the sudden lift-ups, the

closely resemble the on, atudied by oscillations, and the breakup, are seen to

uoligrlski and Walker.
2 0 

They performed be pnaseo to the stages of evolution of

calculations of the effect 'f a this flow module.

two-dimensional vortex on ''e wall layer

w flow beneath it, when he vortex was Acknowledgements
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Source 7BU-/v comments r-0 16
(.4

Blackwelder and Kaplan "10 hot-wire A

(Re - 2550) 114

Offen and Kline 5 ejections
(R.820) 10 bursts Y=1(R0 (dye) - 12 Y=16

Schraub and Kline 4.5-5.5 H2 bubbles Re=1068
(R0 . 1000-1700) Z |0

Ueda and Hinze 4.7 hot-wire
r (R6 . 11,450, 35,500)

Willmarth and Lu 4 hot-wire 8

(Re = 4320) 0
0.

Present Work 5 pockets 6
(Re . 1350) 0

Table 1. Comparison of average times between

bursts and the passage of pocket flow modules in,Z 2
the turbulent boundary layer. 1F

l'F-i

L I I I I &

0 8 16 24 32 40~t+
4; (a)

Fig. 3. The distribution of pockets in which du/dy
* was greater than 2du/dy, vs the age of the+pocket

when it contacted the probe, which was a y = 16.

* 4

EJECTION SW E
POCKETS "-10

(b)
<UV> - !V

' B "F--- t+=35----

; -5-SWE

-10 -IO-ECI

FIg. 6. Cogditional averages of the Reynolds shear

stress at y - 15, after Blackwelder and Kaplan,

Fig. 1. Pockets revealed by oozing oil-fog contam- Ref. 11. (a) Detector function at sampling position.
inant through a slit in the wall under a turbulent (b) Sampling probe 1/4 delta downstream (6- - 8.7)
boundary layer. The flow is from top to bottom, and of the detector probe. The eariler peak is due to
the slit is located close to the top of each photo- eiections, while the later one is due to sweeps.
graph. (a) R6  738; (b) R, -2745. Note how the sweep decays while the ejectionpersists ( see text for a discussion of comparison

with Fig. 4 ).
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Fjg. 2. Simultaneous records of uv, du/dx, dv/dx, du/dy, v, and u at
y - 16 in a turbulent boundary layer. The dashed vertical lines
bound pocket flow modules. The first pocket pzsses the probe during
stage four of its evolution, while the one which arrives later in
in stage three of its evolution. The dashed line on the du/dy signal
is the mean shear. R. 1068.
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Fig. 4. The evolution of the pocket flow module. The plan view pocket
patterns and the ensemble averaged signatures of u. uv.
and du/dy for each of five sta ges, are shown. In the visual~patterns,
shading indicates lifted fluid. The signals, measured at y - 16, indi-
cate conditions along the centerline of the pocket. The visual and
hot-wire data have the same abscissa, and the placement of the signals
is phased with the visual pattern, both within each stage and between

*stages. The ordinate s correspond to (<u>- U )/W. (uv> - u'v
and (du/dy - Ju/dy)/(~Ii-Idy). The stages are arranged to show the
development an observer would see if he moved with the speed of the
upstream end of the visual pattern.
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Fig. 5. Simultaneous views of the buffer layer of a smoke markedturbulent boundary layer ( top, plan view ), and of a slice of the
layer nornal to the wall above it. Line A-A of the accompanying sketchrepresents the edge of the light plane which illuminates the side view.
Line B-B represents the edge of the light plane which illuminates theplan view. A pocket which is in stage four of its evolution, can be
seen in the plan view ( note shaded features in sketch ) centeredover the verticz1 light sheet. In the side view we can see the ejectedvortex and the remains of the sweep vortex ( see text ).
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